Based on first principles total energy calculations we investigate geometric, electronic, and spin structures in two-dimensional polyacene-based hydrocarbon networks of sp 2 and sp 3 C atoms.
I. INTRODUCTION
Electronic properties of nanomaterials consisting of sp 2 C atoms are sensitive to their network topology, size, dimensionality, and boundary conditions. Thus, the electronic structure of polycyclic hydrocarbon molecules can be classified by size, edge shape, and the number of constituent atoms. Molecules having primarily armchair (cis) edges possess basically symmetric electronic structure with respect to the Fermi level and a moderate energy gap between the highest occupied and the lowest unoccupied states. This gap is inversely proportional to the molecular size 1 . However, introducing an imbalance between the numbers of two sublattices in hexagonal networks creates non-bonding states at the Fermi level, leading to the spin polarization. Polymerization of the hydrocarbon molecules causes further variation in the resultant two-dimensional networks [2] [3] [4] . Their electronic properties depend on the constituent molecule and on the interconnect geometries. For example, graphene nanoribbons exhibit either semiconducting, metallic, or magnetic properties depending on their width and edge shape [8] [9] [10] [11] [12] [13] [14] . Besides the hexagonal networks, topological defects such as pentagonal and heptagonal rings make C networks unique in their electronic properties.
Fullerenes are the archetypes of nanoscale C network materials containing topological defects. Twelve pentagons embedded in a hollow-cage sp 2 C network render variations in their electronic properties depending on the size and symmetry of their cages [5] [6] [7] .
Hybrid networks of sp 2 and sp 3 C atoms show further variations in their geometric and electronic structures which do not appear in entirely sp 2 C materials. Lacking π electrons, sp 3 C atoms act as spacers for π electron networks while giving structural flexibility, allowing the materials to form three-dimensional structures. Fullerene is constituent unit for constructing such hybrid materials. Polymerized fullerenes can form one-, two-, and three-dimensional covalent networks depending on fullerene cages and the arrangements of the sp 3 C atoms, yielding metallic and semiconducting electronic structures [15] [16] [17] atoms by connecting propellane or iptycene through removal or addition of sp 2 C atoms.
In such covalent network materials, π electron transfers within and between the polyacene units may result in electronic structure near the Fermi level which is not seen in entirely sp 2 nanocarbon materials 27 .
In this paper, we aim to theoretically design two-dimensional covalent hydrocarbon networks consisting of sp 2 and sp 3 C atoms by assembling [4, 4, 4] propellane and iptycene as constituent molecules. We will investigate their physical properties using density functional theory with the generalized gradient approximation. Our calculations show that the twodimensional hydrocarbon networks produce a Kagome band at or near the Fermi level, depending on the shape and size of the polyacene inserted between adjacent sp 3 atoms.
In a propellane network, because each polyacene has two non-bonding states at the Fermi level, the network exhibits partially filled Kagome flat bands at the Fermi level, leading to spin polarization with various configurations. In an iptycene network, the sp 2 benzene ring results in a semiconductor with Kagome bands just above and below the energy gap. The lowest and second lowest branches of the conduction bands exhibit flat band nature. To simulate an isolated two-dimensional hydrocarbon network, we take a large 15.0Å
lattice parameter normal to the network. To investigate thermal stability, a first principles molecular dynamics (MD) simulation was conducted using the velocity scaling method to keep the temperature constant. Figure 1 shows optimized structures of propellane and iptycene hydrocarbon networks.
III. RESULTS AND DISCUSSION
Both molecules have C 3 symmetry with respect to their molecular axis, so that they can form a hexagonal honeycomb covalent network with sp 2 atoms as the interconnect. The honeycomb network is also regarded as a Kagome network of polyacenes which intersect each other at vertexes of sp 3 C atoms. We consider two different propellane networks containing C 6 and C 10 polyacenes between two sp 3 C atoms. The iptycene network contains a C 6 polyacene between two sp 3 vertexes. The optimized lattice parameters are 8.92 and 13.14Å for the short (C 6 ) and elongated (C 10 ) sp 2 C bridges, respectively, for propellane networks. It is 8.98Å for an iptycene network. In all cases, these networks retain their porous hexagonal covalent structure. Since many porous materials are thermally fragile, the stability of these phases was further investigated using first principles MD simulations. Flat bands would normally imply the associated wavefunctions are localized at atomic sites. However, these states are not localized but extended throughout the covalent networks. It is expected that the Fermi instability will induce spin polarization in the propellane network from the large density of states at the Fermi level. Figure 5 shows the isosurfaces of polarized electron spin in propellane networks containing C 6 and C 10 sp 2 C atoms. The spin density ∆ρ = ρ α − ρ β where ρ α and ρ β are the charge densities of α and β spin components, respectively. The propellane network exhibits various metastable spin polarized states. The C 6 network has five metastable spin states summarized in the top row of Table I In contrast, in the propellane network containing C 10 , the ground state is ferromagnetic, with spin ordering within and between the sp 2 C branches. There are two other metastable spin ordered states, both greater than 70 meV above the ground state. In state (II) at 70.4 meV, the spin density on one of three sp 2 arms is absent, giving a set of zigzag chains of alternating ferromagnetic and antiferromagnetic branches. In state (III) at 71.7 meV, the zero spin arms from state (II) are replaced by antiferromagnetic C 10 sp 2 arms connecting in an overall antiferromagnetic ordering. The substantial differences between C 6 and C 10 spin orderings means that the length of the sp 2 region can control not only the width of the Kagome band but also the ground state spin configuration across the covalent network. 
IV. SUMMARY
In this work we investigated the geometric, electronic, and spin structures of twodimensional hydrocarbon sp 2 and sp 3 C atom networks. Using density functional theory in the generalized gradient approximation, we assembled constituent molecules [4, 4, 4] controlling the atomic arrangements of sp 2 and sp 3 C atoms. Structural identifications of the hybrid networks of sp 2 and sp3 C atoms may be confirmed using the 13 C-NMR experiment for determining the ratio of sp 2 and sp 3 C and using the photo-absorption experiment for observing the substantial peaks associated with the Kagome flat band states.
